The architectural organization of chromatin can play an important role in genome regulation 7 by affecting the mobility of molecules within its surroundings via binding interactions and 8 molecular crowding. The diffusion of molecules at specific locations in the nucleus can be 9 studied by Fluorescence Correlation Spectroscopy (FCS), a well-established technique based 10 on the analysis of fluorescence intensity fluctuations detected in a confocal observation 11 volume. However, detecting subtle variations of mobility between different chromatin regions 12 remains challenging with currently-available FCS methods. 13 Here we introduce a method that samples multiple positions by slowly scanning the FCS 14 observation volume across the nucleus. Analyzing the data in short time segments, we 15 preserve the high temporal resolution of single-point FCS while probing different nuclear 16 regions in the same cell. Using the intensity level of the probe (or a DNA marker) as a 17 reference, we efficiently sort the FCS segments into different populations and obtain average 18 correlation functions that are associated to different chromatin regions. This sorting and 19 averaging strategy renders the method statistically robust while preserving the observation of 20 intranuclear variations of mobility.
Introduction
Chromatin is a macromolecule mainly composed by DNA and histones. Chromatin not only 37 has the function of compacting the DNA in order to make it fit into the nucleus, but also plays 38 an active role in the regulation of all biological processes using DNA as template in 39 divided the resulting intensity trace in segments of duration T seg , then the ssACF was 140 calculated and averaged over all segments. The extent of deformation of the ACF depends on 141 the ratio between T seg and the characteristic width of the fluctuations, t D =w 2 /4D (Fig.1d ). The 142 deformations of the undersampled ACF were quantified by fitting each ACF to the following 143 function:
And comparing the fitting parameters with those of the ACF calculated with an infinite 146 sampling time:
Where b is set to 0. For shorter values of T seg the ACF are characterized by shorter values of 149 t D s , negative values of b s , and slightly larger values of the amplitude G s (0). We can consider 150 T seg ∼10 2 t D as a lower limit for the duration of the short-sequence. In fact, for T seg >10 2 t D , the 151 more meaningful parameters t D and G(0) deviate by less than 5%, in keeping with the rule of 152 thumb that the acquisition time of FCS data has to be at least two orders of magnitude longer 153 than the characteristic correlation time (34).
154
Another point to take into account is how slow must we scan in order to ignore the Where R is the radius of the orbit and v is the scanning speed, given by v=2πR/T, where T is 159 the period of the orbit. In our case, since we sample many segments along the orbit, is (4) 162 We can ignore the correlations due to the motion of the scanner whenever v 2 t 2 /w 0 2 <<1+t/t D , 163 namely when v 2 << w 0 2 /t 2 +w 0 2 /(t D t). This condition is certainly satisfied if v<<w 0 /T seg and 164 v 2 <<w 0 2 /(t D T seg ). Assuming T seg =10 2 t D , the latter condition can also be written as v<<0.4D/w 0 .
165
For instance, for D≈20μm 2 /s and w 0 ≈200nm, v<<40μm/s. For an orbit diameter of ≈3μm this 166 corresponds to a scanning frequency f<<4Hz. 167 Simulations 169 All the simulations were performed using SimFCS (available at http://www.lfd.uci.edu/).
171
Optical Setup All the measurements were performed by scanning a circular orbit through the cells nuclei, 234 chosen in such a way to cross the nuclear regions of interest.
235
For measurements on untagged GFP, the parameters were the following: the 488nm laser 236 power was set to 15μW, while the 405nm laser power at 2,5μW; the orbit diameter was set at 237 3μm, while the scan period was about 16,7sec. Each measurement was recorded for 132sec.
238
For the ER experiments, the laser powers of the 488nm and 405 nm were set at 5μW and 239 1μW, respectively; the orbit diameter was 1,5μm, while the scan period was set to about 68 240 sec, and each measurement lasted 264sec.
241
For the STED-FCS measurements, the 488nm laser power was set to 15μW, while the STED 242 beam intensity (577nm) was kept at 50mW: the measurements were performed with an orbit 243 diameter of 3μm and a scan period of 16,7sec, while the whole measurement lasted 264sec. Calculation of the intensity sorted ACFs was performed in Matlab. Each measurement file 252 was first divided into segments, whose duration was calculated basing on the probe mobility: 253 for untagged GFP, the segment duration was set at about 131ms, while for the GFP-ER the 254 segment was 1,05sec long. For each segment, an ACF and an intensity value were calculated.
255
The nanosecond temporal information available in the TCSPC file was used to remove the 256 detector afterpulse in the confocal FCS data, using a custom fluorescence lifetime correlation 257 spectroscopy (FLCS) routine (41). For the STED-FCS data, the nanosecond temporal 258 information available in the TCSPC file was used to generate the multiple ACFs 259 corresponding to sub-diffraction effective volumes, as described in (40). ACFs were only 260 calculated for the green channel, as the Hoechst intensity was used only as a reference 261 channel.
262
Intensity sorting was performed by averaging all the ACFs of segments whose intensity was 263 below and/or above specific threshold values. Variations of the intensity trace due to 264 photobleaching were removed by a non-linear detrend prior to sorting.
265
In all the experiments with untagged GFP, the ACFs were fitted using a one-component 266 diffusion model (Eq.2). In the experiments with GFP-ER, the ACFs were either fitted using a 267 two-component diffusion model:
or the diffusion and binding model (Full model) described in (15).
272
For the two-component diffusion model, a global fit was performed for each experiment, 
Results and Discussion

282
Measurement of the GFP diffusion in the nucleolus vs nucleoplasm 283 284
As a validation of the method, we first measured differences in the diffusion coefficient of 285 GFP in the nucleolus and the nucleoplasm of HeLa cells. It has been previously shown that 286 even for a small inert probe like GFP, there is a clear difference in the values of the diffusion 287 coefficient measured in the nucleoplasm in respect to the nucleolus (26, 29, 42). In this case, 288 we used the GFP intensity level as a reference marker to distinguish the two nuclear regions.
289
In fact, the nucleolus of a cell expressing GFP appears dimmer than the nucleoplasm due to a 290 different concentration of GFP in the two compartments ( Fig.2 a, b ). The intensity trace 291 showed easily-detectable regions of low and high intensity, corresponding to the nucleolus 292 and the nucleoplasm, respectively (Fig. 2 c) . By specifically selecting only the short FCS 293 segments corresponding to these low and high intensity regions ( Fig. 2 c) , we generated the 294 sorted ACFs corresponding to the nucleolus (Fig. 2 e ) and the nucleoplasm (Fig. 2 f) . 295 By the fit of the ACF we retrieved the averaged (n=13 cells) diffusion coefficient of GFP 296 in the nucleolus (11,3 ±4,5μm 2 /s, mean ± s.d.) and in the nucleoplasm (21 ± 6,2μm 2 /s) ( Supplementary Fig S1) . 305 These results show, as expected, that the diffusion of GFP is reduced in the nucleolus with 306 respect to the nucleoplasm, due to higher molecular crowding. It is worth noting that we have 307 not used the FCS segments corresponding to the interface between the two regions ( Fig.2c ), 308 as they are expected to show a mixed behavior. However, the capability of measuring 309 mobility of proteins at the boundary of nuclear domains could be of interest for models of 310 chromatin organization based on phase separation (43).
312
Measurement of GFP diffusion in euchromatin vs heterochromatin. 313 Next, we checked if the technique was able to detect differences of GFP diffusion between 314 regions of high and low chromatin density (hereafter referred to as hetero-and eu-chromatin) 315 using as a reference the intensity of Hoechst-stained DNA (Fig. 3 ). First, we performed the 316 measurements in the nucleoplasm of HeLa cells, in regions far from the nucleolus (Fig. 3 a,  b ). In this way, we could use the Hoechst intensity as a quantitative reference for nuclear 318 DNA concentration, defining regions of eu-chromatin (low Hoechst signal) and hetero-319 chromatin (high Hoechst signal) ( Fig. 3 c) and to generate the corresponding ACFs ( Fig. 3 d , 320 e). We found that there is a slight difference in the values of the diffusion coefficient of GFP 321 (n=23 cells) between euchromatin (21,8 ± 5,6 μm 2 /s) and heterochromatin (19,6 ± 5,4 μm 2 /s), 322 although this difference is not significant when considering the average of measurements 323 performed on multiple cells. Conversely, when we scatter plotted the two values of diffusion 324 coefficients measured in each cell ( Fig. 3 f) , we found that the ratio between the diffusion 325 coefficient in hetero-and eu-chromatin was less than 1 (D hc /D eu = 0,87 ± 0,05, mean ± s.d. of 326 5 independent experiments, Supplementary Fig. S2 ), despite the high variability between 327 measurements performed on different cells. In fact, the single cell sensibility of our method 328 facilitates stressing the differences in protein mobility within different chromatin regions, Fig. 3 l, Supplementary Fig S3) . Monitoring the diffusion coefficient of GFP during chromatin compaction changes 358 In order to test to the extent that chromatin compaction affects GFP diffusion in different 359 chromatin regions, we treated the cells with solutions known to induce changes in the 360 compaction of chromatin.
361
Solutions of different osmolarities induced visible changes in nuclei morphology (Fig. 4 a, e,   362 i) that are reflected in a large difference in the diffusion coefficients of GFP measured in 363 different compartments. Indeed, if the cells were treated with a hypo-osmolar solution, the 364 diffusion coefficient of GFP was higher than in controls; when the cells were subjected to 365 hyper-osmolar treatment, the diffusion coefficients calculated in both eu-and hetero-366 chromatin were significantly lower (D eu =7,2 ± 2,3 and D hc =6,7 ± 2,3 μm 2 /s, mean ± s.d., n = 367 10 cells) compared to the controls (Table 1) . Interestingly, both hypo-and hyper-osmolar treatments affected only the absolute values of 375 the diffusion coefficients, but not their average ratio D hc /D ec (Table 1, Fig. 4 h, l) , meaning 376 that the treatment has a similar impact on both eu-and hetero-chromatin compartments.
377
Incubation with an ATP depletion solution induced a visible compaction of chromatin with 378 respect to the control (Fig. 4 a, m) , which led to a reduction of GFP diffusion coefficients in 379 both eu-and hetero-chromatin (Table 1) . In this case, however, the scatter plot of D hc vs D ec 380 ( Fig. 4 p) indicates that ATP depletion results in a more prominent slow-down of GFP 381 diffusion in heterochromatin, possibly as a consequence of a larger increase of compaction in 382 hetero-with respect to eu-chromatin. 387 As a model of a protein interacting with chromatin, we studied the mobility of the estrogen 388 receptor-α (ER), a transcription factor member of the nuclear receptor super-family and 389 involved in regulation of specific genes in response to hormone binding. In particular, we 390 measured differences in the mobility of GFP-ER inside and outside an engineered, readily-391 visible prolactin reporter gene "array" following stimulation with 10nM 17-β-estradiol for 1 392 hour ( Fig. 5 a, b ). Using GFP-ER intensity as a reference, we measured the diffusion inside 393 (high GFP-ER signal) and outside (low GFP-ER signal) the array (Fig. 5c ). The intensity-394 sorted ACFs were fitted using either a two components pure diffusion model or a Full Model 395 (FM) taking into account diffusion and binding (15).
Mobility of a transcription factor in different chromatin regions
396
In the first case we identified a slow (D slow =0,07 μm 2 /s) and a fast diffusing component 397 (D fast =2,1μm 2 /s), in keeping with previous reports (2). We then plotted the slow fraction (SF), 398 calculated as SF=G 0slow /(G 0slow +G 0fast ), inside (SF array ) and outside (SF np ) the array (Fig. 5 e) . 399 As a result of the fit with the two-component diffusion model ( Fig. 5 d) , we found that the 400 slow diffusing fraction was significantly higher in the array compared to the nucleoplasm, 401 with a ratio SF array /SF np = 0,73 ± 0,06 (mean ± s.d. of 3 independent experiments, Fig. 5 Fig S6) . 403 We then performed a fit of the data using the FM model, which is more general and yields 404 several outputs including the number of particles (N), the bound fraction (BF) and the protein 405 residence time (RT) on its binding site (15). The results of the analysis with this model are 406 shown in (Fig. 5 g-i) . Reflecting the increased density of estrogen response elements (EREs) 407 at the engineered transcription locus, the number of ER molecules was higher in the array 408 than in the nucleoplasm (N np /N array =0,67 ± 0,03, mean +/-s.d. of 3 independent experiments, 409 Fig. 5g and Supplementary Fig. S7) . Also, the fraction of molecules in a bound state is 410 significantly higher on the array (BF np / BF array =0,83 ± 0,07, mean +/-s.d. of 3 independent 411 experiments, Fig. 5h and Supplementary Fig. S7 ). Finally, the average time the ER is found in 412 the bound state is longer on the array (RT np /RT array = 0,65 ± 0,04, mean +/-s.d. of 3 413 independent experiments, Fig. 5i and Supplementary Fig. S7 ). These results show that not 414 only is more ER targeted to the gene array (e.g., brighter signal), but also a larger fraction of 415 ER is in a bound state -rather than freely diffusing -at the gene array. Although there are 
436
We coupled this method with intensity sorted-FCS. The measurements were done in HeLa 437 cells, orbiting across the nucleolus and using as a reference the GFP intensity level (Fig. 6 a, Fig. S8 ) in the same measurement (40). The sorting of the data generated, for each cell, two 441 sets of ACFs, corresponding to the nucleoplasm (Fig, 6 c) and the nucleolus (Fig, 6 d) . This 442 corresponds to a separate spot-variation analysis for each compartment, shown as the average 443 diffusion coefficient versus the square size of the effective observation volume (Fig. 6 e) . At 444 smaller spatial scales, we observed a slight increase of the diffusion coefficient, especially in 445 the nucleolus, but also a much larger error bar. This is probably due not only to cell-to-cell 446 variability but also to the fact that reducing the size of the effective detection volume (w eff = 447 140, 130 and 115 nm, from top to bottom) results in ACFs with a poorer signal-to-noise ratio 448 (Fig, 6 c,d) . We tested if the ratio between the diffusion coefficient in the nucleolus versus 449 nucleoplasm was also preserved at different subdiffraction spatial scales, on a cell-by-cell 450 basis (Fig. 6 f) . The results are in keeping with those obtained with confocal intensity-sorted 451 FCS (Fig.2) , despite a higher scattering of the diffusion coefficients values that are probably 452 ascribed to the SNR reduction of the ACFs at the smallest effective observation volumes.
Taken together, these results show the compatibility of our approach with STED and that, 454 in principle, intensity-sorted STED-FCS could be a useful tool to measure mobility in 455 different nuclear regions at multiple sub-diffraction spatial scales. Note that the high temporal 456 resolution allows an optimal temporal sampling of the ACF even if the average transit time 457 measured in the nucleoplasm at the smaller effective observation volume is in the order of 458 100 μs. The major limitation we encountered was related to the poor quality of the ACFs at 459 smaller observation volumes. This aspect could be improved by using probes which are 460 brighter and/or more photostable than GFP, for example using the genetically-encoded Halo-461 or SNAP-tags, that allow the use of brighter, more stable organic dyes. The increase in the 462 number of photons collected could facilitate pushing the spot-variation analysis towards 463 smaller spatial scales.
464
Finally, it is worth noting that STED, by providing intensity features that are better 465 resolved spatially, should also improve the sorting of the data. In our test system, i.e.
466
nucleolus vs nucleoplasm, we did not exploit this advantage as the two regions extend over In this study, we proposed a solution to the unique challenges encountered by FCS-based 474 methods aimed at probing nuclear mobility without the loss of spatial information. This 475 method is based on slow, continuous line-scanning FCS, that is capable of sampling different 476 nuclear positions while keeping a high temporal resolution. A key aspect of the method is the 477 use of a reference intensity trace to sort segments of the whole FCS measurement into two or 478 more populations corresponding to specific nuclear regions. 479 We used this method to probe the diffusion of inert GFP in different nuclear domains. As 480 expected, the diffusion was slowed down in the nucleolus relative to the nucleoplasm, 481 presumably due to higher molecular crowding. More interestingly, when studying the GFP 482 mobility in hetero-vs eu-chromatin, we found a slight difference between the diffusion 483 coefficients, which is increased when compared to perinucleolar heterochromatin. A variation 484 of the mobility of GFP was also appreciable when using treatments that alter chromatin 485 structure. These results indicate that, even for a small inert probe like GFP, chromatin and its 486 compaction states can markedly influence diffusion rates, allowing the possibility of using 487 such small inert probes to study chromatin organization and nuclear rheology in living cells.
488
Due to the single-cell sensibility of our method, we were able to highlight intracellular 489 variations of mobility between different chromatin regions, despite a high intercellular 490 variability.
491
We also showed the applicability of our method in the study of proteins that interacts with 
